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ABSTRACT 
Occasionally, large amounts of stratospheric radioactive debris are 
measured in surface rainwater. Two such situations have been subjected to 
isentropic trajectory analysis to determine if stratospheric air entered the 
troposphere as early as 36 hours prior to rainout of the radioactivity. 
Results of both cases indicated essentially no vertical mixing of upper- or 
mid-tropospheric air at any time within the period considered. 
A comparison between machine-computed and hand-produced trajectories 
was performed. It showed that the machine-produced trajectories were more 
accurate than either of two hand analysis methods. 
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INTRODUCTION 
It is well known that very small particles of radioactive debris exist in 
large quantities in the stratosphere. Occasionally, large amounts of this 
material are measured in rainwater. Seven of these occurrences in 1963 have 
been discussed by Huff (1965). Other investigators (Danielsen, Bergman, and 
Paulson, 1962; Mahlman, 1964; Bradley and Feteris, 1966) have suggested that 
this debris is transported downwards by direct troposphere-stratosphere exchange 
near the storm. Gatz (1967), on the other hand, has theorized that radioactive 
debris may enter the storm at levels below 650 mb. 
The purpose of this study is to trace the air from a particular storm 
system for 12 to 36 hours prior to the rainout of radioactive debris from the 
storms. This should tell whether stratospheric air entered the storm, thus 
possibly accounting for the large bursts of radioactivity observed in the 1963 
data. Two such storm systems have been studied. 
A parcel of air covering a 120 x 120 mile square centered on a 4-00-sq mi 
raingage network at the time of the rain was traced backward to determine the 
position of the contamination prior to the time of rain. A greater accuracy in 
areal definition is precluded because of the density of the upper air network 
over the United States (Feteris, 1965). 
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METHOD 
Upper air data from the United States for all available synoptic hours 
(0000, 0600, 1200, 1800 GMT) in the period 36 hours prior to the time of interest 
were processed by Danielsen's isentropic analysis computer program (Duquet, 1964). 
This program gives potential temperatures, mixing ratios, relative humidities, 
streamfunctions, and winds for all reported heights up to 100 mb. Pressures, 
temperatures, relative humidities, mixing ratios, streamfunctions and winds are 
also computed for isentropic surfaces at 5°K intervals from 295° to 400°K. 
From the computer data, streamfunction and pressure maps were plotted and 
analyzed for isentropic levels of 305°K through 340°K, inclusive. This was done 
for 0000 GMT and 1200 GMT on both the day of interest and the preceding day. 
Each analyzed map was then digitized using a 21 x 21 JNWP grid. These gridpoints 
can be seen as circles on figures 1 and 17. Since the grid overlay was larger 
than the analyzed map, dummy values for the grid points outside of the analyzed 
map had to be used. These were obtained by extending, as closely as possible, 
the analyzed portion of the map into the unanalyzed area. This minimized 
unrealistic gradients at the boundaries of the data area. 
Streamfunctions, winds, vorticities, deformations, and trajectory endpomts 
were computed for 3-hour intervals by Danielsen's isentropic trajectory program 
(Danielsen, 1966), which solves the balance equation to obtain the closest 
possible approximation to the actual distribution of streamlines and isotachs. 
In the balance equation 
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f is the vertical component of the earth's vorticity, the relative vorticity, 
u and v are the x and y components of is the Montgomery streamfunction, and 
β = ∂f/∂y. The assumptions implicit in this equation are that the air motions 
are dry adiabatic and that the parcel stays on the isentropic surface at all times. 
Divergence on the isentropic surface is counterbalanced by a change in the 
distance between neighboring isentropic surfaces. The program can process a 
12-hour period of data for one isentropic level. Since 36 hours for 8 levels 
were desired, 24 computer runs were required for each case study. 
Three-hour trajectory endpoints were plotted for each gridpoint for a 
12-hour time interval. Figure 1 is a map of the 320°K level for 1200 GMT on 
9 June to 0000 GMT on 10 June 1963. The raingage network and the analysis square 
are shown in Illinois. The head of each arrow represents the 12-hour endpoint, 
and the dots along the trajectories are 3-hour travel distances. No consistency 
between winds, energy conservation requirements, and displacements was found in 
regions with small gradients and large curvatures. This is because the Montgomery 
streamfunction gradients were too small to be resolved by the grid used. 
Consequently, no trajectories were computed for such points because of this 
imbalance. In figure 1, these points are represented by solitary circles. 
The actual tracing of the air was accomplished by following the corners on 
the large square back for 12 hours along a trajectory. When a corner did not 
coincide with a trajectory endpoint (coincidence was rare), one of two methods 
was used to trace the points back. Figure 2a shows a simple linear interpolation 
of a point which lies on a line joining two endpoints. If this co-linear 
situation failed to exist, the method shown in figure 2b was employed. Three 
points, A, B, and C, were chosen so that the parcel P of which the trajectory was 
to be determined was inside the triangle ABC. The points A, B, and C, were then 
traced back to their initial locations A', B', and C'. The lines DE and FG were 
drawn parallel to AC and AB respectively. Next, DD' was drawn parallel to AA', 
Figure 1. Isentropic trajectory anal sis for the 
320°K level from 1200 GMT on 9 June 1963 
to 0000 GMT on 10 June 1963 
Figure 2 Translation of a trajectory endpoint (solid circle) back in time 
when it is [a] on a line joining two other trajectory endpoints and 
[b] inscribed in a triangle ABC of trajectory endpoints 
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GG' parallel to BB', and EE' parallel to CC'. The location of the parcel P' was 
obtained from the intersection of the lines D'E' and F'G'. 
Placing the analyzed pressure map under the boundaries of the air parcel in 
concern located the pressure at each corner. After tracing the air back for 12 
hours, the process was repeated with the appropriate pressure map. The vertical 
movement of each corner was then found by subtracting pressures. 
STORM OF 10 JUNE 1963 
On 10 June 1963, thunderstorms and ramshowers occurred in conjunction with 
squall line activity in advance of a cold front. This storm has been described 
in detail by Huff (1965) from both the synoptic and radioactivity standpoints, 
and no further discussion will be made here, except where helpful in tracing air 
motions into the raingage network area. 
Trajectory plots for the isentropic surfaces of 305° and 310°K are shown 
in figures 3 and 4. Pressures at the corners of the parcel are also shown. The 
air slowly descended during the 36-hour period. Minor fluctuations in the area 
are present but not significant, considering the accuracy with which the air can 
be traced (Feteris, 1965). Though convergence and divergence on the isentropic 
surface have implications for the stability changes of the air and the formation 
of clouds and rain, these rather lengthy considerations fall outside the context 
of this report. 
Figures 5 through 10 show trajectories beginning near the Mexican border 
over western Texas and ending over Illinois at 1200 GMT on 10 June for the levels 
of 315, 320, 325, 330, 335, and 340°K respectively. The tropopause remained at 
approximately 340°K throughout the period. 
At the levels above 325°K the stronger wind speeds caused the trajectories 
to approach the boundaries of the analysis after 12 hours. Therefore the 
trajectory analysis was not extended through the 36-hour period. 
Figure 3. Positions of air parcel which was over central Illinois 
at 1200 GMT on 10 June 1963 for three previous 12-hour intervals 
on 305°K isentropic surface. Numbers at corners of polygons 
are pressures in mb. 
Figure 4. Same as figure 3 but for 310°K 
Figure 5. Same as figure 3 but for 315°K 
Figure 6. Same as figure 3 but for 320°K 
Figure 7. Same as figure 3 but for 325°K 
Figure 8. Same as figure 3 but for 330°K 
and only 12 hours of travel 
Figure 9. Same as figure 8 but for 335°K 
Figure 10. Same as figure 8 but for 340°K 
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Figure 11 shows the trajectories of the approximate centers of the quadrangles 
ending in Illinois. From this, it can be inferred that the trajectories were 
generally straight. Also, the averaged vertical velocities were less than 100 mb 
in 12 hours, or 3 cm/sec at every lsentropic level. This indicates the absence of 
any large-scale vertical motion in the warm air ahead of the squall line storms 
and, hence, it is unlikely that any synoptic-scale transport of debris took place 
between the troposphere and the stratosphere in this region. The lack of radar 
evidence of significant precipitation along the parcel trajectory precludes 
modification of the air from mixing by deep convection. 
Potential vorticity for Peoria was compared with that of a triangular area 
surrounding the network at 0000 and 1200 GMT to establish whether large-scale 
vertical motions existed in the air that engulfed a squall line over east central 
Illinois at 1800 GMT (figure 12). The triangle serves the same purpose as the 
square mentioned earlier, but was chosen over the square because it had 
approximately the same boundaries as the squall line system. 
Figures 13 and 14 show the location of the triangle with respect to the 
potential vorticity field at 0000 GMT and 1200 GMT on 10 June, The pressure over 
the raingage network is given by the number outside of the triangle. Both 
pressure and potential vorticity in the triangle remained constant, showing that 
the air moved almost horizontally into the squall line area. Again, there was no 
synoptic-scale evidence for a descent of the tropopause or stratospheric-
tropospheric exchange of air. If smaller scale exchange of air had occurred by 
means of deep convection it would have been indicated by a decrease in potential 
vorticity due to the vertical mixing. Furthermore, there is no evidence for a 
significant decrease in potential vorticity over Peoria at 1800 GMT. 
In summary, analysis of the synoptic-scale data did not produce evidence of 
a descent of stratospheric air along the trajectory of the air mass between western 
Texas and central Illinois prior to the development of the squall line activity. 
Figure 11. Twelve- and 36-hour trajectories of air shown ending 
over central Illinois at 1200 GMT on 10 June 1963. 305°K-325°K 
trajectories are for 36 hours, and 330°K-340°K 
trajectories are for 12 hours. 
Figure 12. Surface analysis 1800 GMT on 10 June 1963 
Figure 13. Location of air mass that entered the squall-line area 
around 1800 GMT with respect to the 340°K potential vorticity 
field at 0000 GMT on 10 June 1963 
Figure 14. Same as figure 13 but at 1200 GMT on 10 June 1963 
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If there had been stratosphere-troposphere exchange before the air reached 
Texas, any radioactive debris injected into the troposphere would have maintained 
relatively level flow from Texas to Illinois. The height of this layer of debris 
would be the depth which the exchange process extended down into the troposphere. 
The low potential vorticities which existed west of Illinois indicated however 
that the air was definitely of tropospheric origin. 
There was also no evidence of deep convection at any time that could have 
penetrated the tropopause. Hence, any mesoscale vertical exchange of air that 
might have caused downward transport of radioactive debris must have taken place 
over central Illinois during the development of the thunderstorms. Figure 15, 
reproduced from Huff (1965), indicates that some echo tops actually rose above 
the tropopause while over the Illinois network, so that local circulations that 
tapped some of the stratospheric air are not inconceivable. 
STORM OF 1 JULY 1963 
This storm has also been reported in detail by Huff (1965) with regard to 
the synoptic and radioactive rainout conditions. For the reader's convenience, 
the surface and 500-mb analyses are reproduced in figure 16. 
This case differs from the 10 June 1963 case in two aspects. The flow on 
the isentropic surfaces varied between the cases. In the 10 June storm there 
was well-defined, strong flow from the southwest at all levels. On 1 July, 
however, the flow was weak and variable throughout the troposphere, especially 
in the area of the network. A second difference is that, for the storm of 
10 June, there was excellent trajectory coverage; but for the storm of 1 July, 
the computer was unable to compute a large number of trajectories because of 
the imbalance described earlier. 
Figure 15, Radar-indicated cloud tops in rainwater sampling 
network on 10 June 1963 
Figure 16. Surface map for 1500 CST on 1 July 1963 (a), and 
500-mb map for 1800 CST on 1 July 1963 (b) . 
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Because the flow was not straight, extension of the analyzed portion of the 
map across the map boundaries did not always produce realistic trajectories. This 
resulted in fewer trajectories near the boundaries. 
Twelve-hour trajectories for 340° and 310°K ending at 1200 GMT on 1 July 1963 
are shown in figures 17 and 18, respectively. These indicate a weak southward 
movement of upper tropospheric (340°K) air over Illinois, and westward flow in 
the troposphere below. Figures 19, 20, and 21 show the trajectories of the air 
parcel ending over the East Central Illinois Network at 1200 GMT on 1 July 1963, 
for 310°, 330° and 340°K, respectively. These levels were chosen because they 
represent the 750-, 500-, and 200-mb regions of the atmosphere. The 340°K level 
is located partially in the stratosphere and partially in the troposphere. This 
is indicated by the high values of machine-computed potential vorticity located 
in separate regions on the analysis (figure 22). 
Through careful comparison of the trajectories with the pressure fields, it 
was found that during a 12-hour period the vertical motions never exceeded 100 mb. 
This is equivalent to a vertical velocity of about 3 cm/sec. Vertical velocities 
of about 1.5 cm/sec were found for the 340°K level. This would indicate that 
there was no large-scale transfer of debris between the stratosphere and the 
troposphere. However, it was difficult to verify these results at the 340°K 
level. The observed potential vorticity was so small that even if doubled it 
would still be small (figure 22). The same difficulty was observed for static 
stability. This would indicate that the air might be unstable enough to allow 
strong vertical motions, but the scale of the analysis could not show this. 
In an attempt to solve this problem, a cross section from Glasgow, Montana, 
to Charleston, South Carolina, for 1200 GMT on 1 July 1963 was prepared. It 
indicated a well-defined tropopause over most of the area with the possibility 
of a double tropopause over Peoria, Illinois, and Glasgow. Since there was little 
Figure 17 Isentropic trajectory analysis for the 
340°K level from 0000 GMT to 1200 GMT on 1 July 1963 
Figure 18. Same as figure 17 but for 310°K 
Figure 19 Positions of the air parcel which was over central 
Illinois at 1200 GMT on 1 July 1963 are indicated 
for the three previous 12-hour intervals on the 
310°K isentropic surface. Numbers at the corners 
of polygons are pressure in mb 
Figure 20. Same as figure 19 but for 330°K 
Figure 21. Same as figure 19 but for 340°K 
Figure 22. The potential vorticity analyzed on tne 
340oK isentropic surface at 1200 GMT on 1 July 
1963. The polygon is the position of the air 36 
hours earlier with potential vorticity for that 
time at the corners. 
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evidence of isentropic vertical motion in the cross section (weak winds and 
small slopes of the isentropes throughout), it is not surprising that little or 
no vertical motion was found along the trajectories. 
Summarizing, there was very little evidence of synoptic-scale exchange of 
debris between the stratosphere and the troposphere along the path of the air 
involved in the storm of 1 July 1963. Huff (1965) noted that only one radar echo 
from a thunderstorm, at the end of the rainout period, actually penetrated the 
stratosphere in the network region. Therefore, there is some evidence that deep 
convection over the Illinois network penetrated the stratosphere sufficiently to 
account for the radioactivity in the rain. 
It must be pointed out, however, that there is some evidence of inaccuracy 
in the trajectories. This will be discussed in detail in the next section. As 
indicated in figure 22, there are areas of higher potential vorticity near the 
paths taken by the trajectories at 340°K. It is possible that this area may have 
contained air of stratospheric origin. Therefore, because of the possible errors 
in the trajectories, it is not inconceivable that the trajectories may have 
entered this higher potential vorticity area along their paths. Otherwise, low 
potential vorticities and low static stabilities put severe limitations on the 
use of the conservation of entropy and angular momentum as tracers. 
EVALUATION OF TRAJECTORY COMPUTATION METHODS 
In the analysis of the data of 30 June and 1 July 1963, it was found that 
the trajectories for several locations seemed to be in complete disagreement with 
the initial data analyses, i.e. the computed trajectories using the energy equation 
(Danielsen, 1966) were found to have large deviations from the streamlines. In 
some places the trajectories appeared to travel in a circle in an area of 30 to 
40 knot winds, whose direction changed very little in space and time. 
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The largest deviations seemed to occur at the 340°K level, and the air was 
extremely dry at this level for almost every station. Therefore the only physical 
property which could be used as a check was the conservation of potential 
vorticity. The check was carried out on one time interval, chosen at random, 
which was 0000 to 1200 GMT on 30 June 1963, on the 340°K surface. As a check for 
possible bias by one analyst, two independent analyses were made using the same 
data. The machine trajectories were checked by two methods, the method of 
Petterssen (1956) and the method of the mean flow over the time period. The 
mean flow was obtained by graphically adding the streamfunction analyses that 
were computed by the machine for the two time periods. 
The computer, in calculating the trajectories, smoothes the input data to 
eliminate small-scale disturbances. It then prints values of streamfunction, 
absolute vorticity, and wind speed for a 21 x 21 matrix of gridpoints over the 
North American continent. The machine trajectories were compared with hand 
calculated trajectories obtained from streamfunction-isotach results by plotting 
the output values of streamfunction and wind speed, and then completing a 
streamfunction analysis using the geostrophic assumption (this is valid since 
the computer fits the output streamlines to the winds computed from the balance 
equation). Then, for each radiosonde station, a finite derivative of the 
stability, d0/dp, was computed, plotted, and analyzed. From this analysis, values 
at the gridpoints were interpolated and then multiplied by the absolute vorticity 
of the grid point to obtain the potential vorticity 
Potential vorticity maps were plotted for 0000 and 1200 GMT, and each map was 
analyzed by two analysts (figures 23 and 24). 
Since non-adiabatic effects were not taken into account in the machine 
computations of the trajectories, it was decided to apply the check to only those 
Figure 23. Comparison of potential vorticity analyses 
by two analysts for 1200 GMT on 30 June 1963 
for the 340oK level. 
Figure 24. Comparison of potential vorticity analyses 
by two analysts for 0000 GMT on 30 June 1963 
for the 340°K level. 
-29-
areas where the motions of the air were dry adiabatic at all points along the 
trajectory and were unaffected by the boundary at both beginning and endpoints. 
Applying these restrictions to the gridpoints for which the computer gave 
trajectories, only 13 possible gridpoints were found for hand analysis. 
Trajectories for these 13 points were determined using the methods mentioned 
above. These trajectories and the machine-produced trajectories were plotted 
on the same map (figure 25). 
From the four potential vorticity analyses in figures 23 and 24, the 
difference in potential vorticity Δ(P Θ) along the trajectories at the initial 
and final points were calculated for each separate analysis. These calculations 
are shown in table 1. The three sets of trajectories were statistically 
compared with the two sets of analyses of PΘ. Examination of the means alone, 
with no significance testing involved, showed the machine-computed trajectories 
to have the least variation in potential vorticity difference. 
One may therefore conclude that machine-computed trajectories are more 
accurate than those of either hand computation technique. Relatively sparse 
radiosonde station spacing will introduce errors into the trajectories; these 
could in turn account for the non-zero Δ(P Θ) values. 
SUGGESTIONS FOR FUTURE WORK 
If upper air data were collected at frequent intervals from a dense network 
of radiosonde stations, combined isentropic and kinematic vertical velocity 
analyses could be used for trajectory analyses. Because of the shorter time steps, 
the trajectory computations would be more accurate. 
This could help verify sparse evidence (Feteris, 1967; Kreitzberg, 1966) of 
smaller scale circulations that could probably accomplish local vertical exchange 
of air over a deep column. A study of this type is planned for the future. 
Figure 25. A comparison of the three methods of trajectory 
analysis is superimposed upon a potential vorticity 
analysis at 1200 GMT on 30 June 1963 at the 340°K 
level. Numbers at initial trajectory points are 
initial potential vorticities. 
Table 1. Comparison of Potential Vorticity Differences 
by Three Methods for 340°K Isentropic Surface 
at 0000-1200 GMT on 30 June 1963. 
[δ(Pθ) in 10-8 cm sec °K gm-1] 
Grid 
Point 
Machine trajectory 
Analyst 1 Analyst 2 
Mean flow 
Analyst 1 Analyst 2 
Petterssen 
Analyst 1 Analyst 2 
10,5 -.6 + .1 + 2.1 + 3.9 + .2 + 2.4 
11,4 +1.6 +2.9 +6.9 +4.5 +12.4 +10.8 
12,4 +1.5 +1.0 + 2.7 + 2.2 + 3.1 + 2.9 
12,5 + .7 + .9 + .8 + .8 + 2.4 +1.8 
12,6 +2.7 + 2.7 -.9 -.3 -.8 -1.1 
13,5 + .1 0 + .2 + .8 + .6 + .6 
13,7 + .1 -1.1 -.8 -1.0 -.7 -.9 
14,9 -.4 -.4 -.4 -.4 -.1 + .1 
13,10 + .8 0 + .2 0 + .3 + .2 
13,13 + .8 +1.0 + .2 + .2 +1.1 +1.4 
12,14 + .8 -.1 +1.3 +1.3 +1.5 + .8 
15,9 0 0 0 0 + .5 + .5 
15,13 -.6 -.8 -.4 + .1 -0.6 -.7 
Mean + .50 + .48 + .91 + .93 +1.53 +1.44 
Standard 
deviation 1.015 1.257 2.209 1.850 3.67 3.27 
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CONCLUSIONS 
In neither case examined was there any evidence of stratosphere-troposphere 
exchange prior to rainout of the radioactive debris over Illinois. On 10 June 1963 
several thunderstorms penetrated the tropopause while in the vicinity of the 
raingage network in east central Illinois. This could explain the contamination 
in the rainwater. A like occurrence was noticed on 1 July 1963, but only one 
storm penetrated into the stratosphere. Low values of potential vorticity, 
indicating a lack of stratospheric air, indicated that the low-level input mechanism 
proposed by Gatz (1967) was absent in both cases. 
The trajectories produced by the computer were compared to trajectories 
derived from two methods using hand analysis. The results, based upon the theory 
of conservation of potential vorticity, indicated that the machine-produced 
trajectories were more accurate. 
The trajectories used in the case studies are therefore accurate within the 
limits of error, approximately 100 miles for 36 hours of travel. If all of the 
debris measured did not result from thunderstorms penetrating the tropopause over 
Illinois, smaller mesoscale circulations must be assumed to have caused the 
remainder of the contamination. 
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